The goal of this study was to identify immunological markers for use in antigen-specific assays that predict long-term survival after renal allograft and distinguish stable-functioning (SP) patients from poorly functioning (PP) patients. For this prospective study, 20 patients were enrolled. Eight SP and six PP patients were enrolled in this study. Serum cytokine/chemokine levels were analyzed by the Luminex multiplex assay. To detect indirect alloreactive T cells, we performed indirect mixed lymphocyte reaction using donor-antigen-pulsed autologous dendritic cells as stimulators. Serum induced protein-10 levels were significantly higher in the serum of PP patients, whereas sCD40L levels were higher in SP patients. The PP patients had significantly higher numbers of donor-specific CD4 þ CD43 high CD45RO þ T cells after indirect allostimulation, whereas this cell population was unchanged in SP patients. The donor-specific CD4 þ CD43 high CD45RO þ T cells had the effector memory T cell phenotype. Prospectively, we studied whether these cells influence graft outcome and found that their strong proliferation in pre-transplant patients is related to a poorly functioning graft. Indirectly allostimulated CD4 þ CD43 high CD45RO þ T cells may not only contribute to chronic allograft nephropathy development but may also have a role in the progression of acute rejection. Thus, these cells may have potential use as immune-monitoring markers in a noninvasive in vitro assay that predicts graft outcome.
Introduction
Advances in post-transplant care during the last decade, including the introduction of new potent immunosuppressive drugs, have dramatically decreased the rate of acute rejection after transplantation. However, achieving longterm, drug-free graft acceptance remains an unsolved issue in clinical transplantation. The availability of clinical parameters of graft function could help guide the choice and dosage of immunosuppressive therapy. However, significant organ damage can occur before the ongoing pathology is recognized. 1, 2 It is possible that rejection-related biomarkers are released into the peripheral blood from graft tissues or cells. If this is the case, their detection could provide the basis for making noninvasive or minimally invasive tools for the detection of alloimmune reactions. Since cellular immunity is thought to play a central role in immunological responses, especially alloimmune reactions, the transplant community has been searching intensely for many years for reliable cellular immunity markers that allow the early prediction of alloimmune reactions, alloimmune quiescence, and hypo-responsiveness. 3 T cells are key initiators and mediators of alloimmune responses, especially alloreactive T cells from a substantial proportion of the naïve T cell repertoire. 4, 5 Alloreactive T cells recognize human leukocyte antigen (HLA)-mismatched tissue. 6 Alloantigens are conventionally processed by autologous antigen-presenting cells (APCs) and then presented to CD4 þ T cells as peptides in the context of self-MHC molecules. [7] [8] [9] [10] [11] These APCs include dendritic cells (DCs), which are referred to as professional APCs. Mature autologous antigen-presenting DCs can be generated in vitro from peripheral blood monocytes 12 and can trigger allospecific T cells indirectly when they are pulsed with cellular fragments. 13, 14 A single center study that sought specific immunologic cells characteristics predicting the development of chronic allograft nephropathy (CAN) is reported here. Antigen-specific bioassays were performed with peripheral blood from patients who had stable-functioning grafts (SP) or poorfunctioning grafts (PP) to identify specific immunological characteristics that distinguish the two groups. The in vitro indirect mixed lymphocyte reaction (MLR) assay was used to identify early cellular biomarkers of chronic rejection. Several candidate biomarkers in the circulation, including interferon gamma (IFN-g)-induced protein 10 (IP-10), monocyte chemotactic protein-1 (MCP-1), donor-specific antibodies (DSA), and T cell subsets, were analyzed. CAN signatures, such as serum IP-10, MCP-1, DSA specific for MHC class I, and donor-specific CD4 þ CD43 high CD45RO þ T cells after indirect allostimulation, were detected at higher levels in the PP group than in the SP group.
In this prospective analysis, the higher number of donorantigen-specific CD4 þ CD43 high CD45RO þ T cells, which were harvested from pre-transplant PBMC after indirect allostimulation, were the most effective biomarker predicting graft outcome.
Patients and materials and methods

Patient characteristics
Out of 2000 eligible transplant patients, the study population was composed of live-donor renal transplant patients for whom the donor was available for the donor-specific assay. The subjects were categorized into the SP group if they had maintained stable creatinine levels (<1.4 mg/dL) for more than 10 years, exhibited changes in creatinine (ÁCr) of <0.5 during the previous one year, and had not experienced calcineurin inhibitor (CNI) toxicity, cytomegalovirus (CMV) infection, or BK virus infection. As protocol biopsies are not routine in our center, biopsies were not available for these stable patients. The PP group consisted of patients with poor-functioning renal allografts. These patients had biopsy-confirmed acute rejection and were given steroid-pulse treatment after rejection. They had also experienced tubular atrophy and interstitial fibrosis (TA/IF), and had exhibited serum creatinine elevation (>3 mg/dL) for at least one year or were undergoing dialysis. All patients with CAN caused by CNI toxicity, disease recurrence, or BK virus nephropathy were excluded from the PP group. Ultimately, eight and six representative patients satisfied these criteria and were labeled SP and PP, respectively. Both groups were maintained on standard CNI immunosuppression based on cyclosporine A (CsA) or FK506 administration, and low-dose glucocorticoid and azathioprine or mycophenolate mofetil. The clinical characteristics of the patients are described in Table 1 .
For the prospective study, 20 patients were enrolled according to the plan described in a former study. The population was composed of live-donor renal transplantation patients. At the state of pre-transplantation, the patients were categorized according to the donor-specific CD4 þ CD43 high CD45RO þ T cell proliferation compared with their third party control in the indirect MLR, strong proliferation versus low proliferation (donor/3 rd party <1.0 vs. donor/3 rd party >1.0, respectively). Both groups were maintained on standard CNI immunosuppression based on CsA or FK506 and were additionally treated with Rituximab monotherapy in the case of ABO mismatched transplantation (4 of 20 in all). All patients had not experienced CNI toxicity, CMV infection, or BK virus infection. Graft stability was confirmed at 60 days. The clinical characteristics of the patients are described in Table 2 .
This study protocol was approved by the Institutional Review Board (IRB) of Asan Medical Center (application: 2008-0502 and 2011-0261). All participants in this study were provided with informed written consent.
Measurement of DSA in serum
Human blood from recipient patients was centrifuged (500 g for 10 min), and the serum fraction was removed and stored at À70 C until use. All SP and PP patients' sera were screened for DSA by using HLA class I and II single-antigen beads (Gen-Probe, CT) according to the 15 Briefly, 10 mL of sera was added to 40 mL of antigen beads and incubated in the dark for 30 min at room temperature (RT). PE-conjugated secondary antibody was then added to the beads and incubated for 30 min. Fluorescence was detected on a LABScreen 100 Luminex system (PerkinElmer, CA) and expressed as the mean fluorescence intensity (MFI) of each single-antigen bead. Raw MFI values were then normalized to the results obtained by using negative control serum. Normalized MFI values of >1000 were defined as a positive reaction.
Generation of DCs from recipient peripheral blood mononuclear cells (PBMCs) and donor antigen loading
Heparin-anticoagulated peripheral blood samples were collected from all recipients and donors. PBMCs were isolated by Ficoll-Histopaque (1.077, Sigma-Aldrich, MO) gradient centrifugation and then cryopreserved in liquid nitrogen until use. The two-stage in vitro DC differentiation procedure was then performed. Briefly, recipient monocytes were cultured at 37 C in a humidified 5% CO 2 atmosphere for five days in AIM-V medium (Gibco-BRL, CA) supplemented with 1000 IU/mL granulocyte/macrophage colony-stimulating factor (GM-CSF) and interleukin (IL)-4 (R&D Systems, MN). The immature recipient DCs were then pulsed with donor antigens by mixing fragmented donor PBMCs. At this time, donor PBMCs were subject to three freeze-thaw cycles and then sonicated three times for 10 s each. In all experiments using cell-free donor antigens, intact cells were not evident in microscopic examinations. 14, 16, 17 Two hours later, tumor necrosis factor (TNF)-a (R&D Systems) and prostaglandin E2 (PGE 2 , Sigma-Aldrich) were added to the culture medium. 12, 18, 19 After two days, the antigen-loaded DCs were used to stimulate recipient T cells.
Phenotyping of mature DCs
DCs were labeled with the following fluorescenceconjugated mouse monoclonal antibodies along with appropriate isotype controls: allophycocyanin (APC)-conjugated anti-human CD14 (clone HCD114), fluorescein isothiocyanate (FITC)-conjugated anti-human CD83 (clone HB15e), and phycoerythrin (PE)-conjugated anti-human CD86 (clone IT2.2). The antibodies were all purchased from BioLegend (San Diego, CA). The antibodies were added to mature DCs and incubated for 30 min on ice. Flow cytometry was performed on a FACSCalibur (BD Bioscience, NJ). The data were analyzed by using FlowJo software (Tree Star; Ashland, OR).
T cell purification and direct and indirect MLRs
Recipient T cells were purified from PBMCs by negative selection using magnetic beads coupled to antibodies against human CD11b, CD16, CD19, CD36, and CD56 (Miltenyi Biotec, Germany). The purified T cells (1 Â 10 5 cells/well) served as the responder cells in direct and indirect MLRs, where the stimulators were 2.5 Â 10 5 donor PBMCs (direct) or 1 Â 10 4 donor-antigen-pulsed autologous DCs (indirect). The stimulators were rendered unable to proliferate by cesium irradiation (20 Gy; Cs irradiator, Cis-Bio International, MA). The responder and stimulator cells were cultured in 96-well plates for two days. On day 1, 1 Ci of [ 3 H] thymidine was added and the cells were incubated for an additional 24 h. After harvesting the cells on filter plates, 3 H-thymidine incorporation was measured by using a b-counter (TopCount NXT; PerkinElmer). At this time, the wells with responder cells cultured without stimulators were used as a negative control for background proliferation.
Other characteristics of the alloreactive T cells, namely, allostimulated cytokine/chemokine production and changes in T cell subset frequencies, were analyzed by harvesting the supernatants and T cells from four direct and indirect MLR wells 24 h after commencing allostimulation.
Analysis of T cell subsets
To detect alloreactive T cell after allogeneic culture, the cultured T cells were simultaneously stained with PE-conjugated CD43 and APC-conjugated CD45RO monoclonal antibodies (mAb, eBioscience, CA), and FITC-conjugated CD4 or CD8. The proportions of CD4 þ CD45RO þ cells that expressed high, intermediate, and low levels of CD43 were measured. To determine whether the CD4 þ CD43 high CD45RO þ T cells had an effector memory T cell (T EM ) or a central memory T cell (T CM ) phenotype, CD4 þ lymphocytes were gated for CD43 high CD45RO þ and CD43 low CD45RO þ , and analyzed with FITC-conjugated anti-CCR7, anti-CD62L, and anti-CD95(Fas) mAbs. The Treg subset was examined by simultaneously staining naïve and alloantigen-stimulated T cells with FITC-CD4 in combination with PE-CD25 and APC-FoxP3 (eBioscience). The FoxP3-expressing CD4 þ CD25 high cells were measured by flow cytometry. The data were analyzed by using FlowJo software.
Luminex detection of cytokine/chemokine in MLR supernatants and serum
The culture supernatants were harvested and stored at À20 C until use. The levels of IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-17 A, IL-23, IFN-g, TNF-a, and transforming growth factor-b (TGF-b) were measured with Luminex technology by using a human cytokine/chemokine kit (Affymetrix, CA, USA), according to the manufacturer's protocol. Briefly, antibody-coated, cytokine-specific beads were added to 96-well filter plates. Thereafter, 50 mL of supernatant was added and the plates were incubated for 1 h at RT in the dark with shaking to allow the cytokines to bind to the cytokine-specific beads. Subsequently, plates were incubated with the detection antibody for 30 min. After washing, streptavidin-PE was added and the plates were incubated for 30 min. The fluorescence labeling of cytokine-specific beads was analyzed by using Luminex acquisition software (ver. 3.1; xPONENT Software Solutions, TX). An additional cytokine, macrophage colony-stimulating factor (M-CSF), and TGF-b were screened for in the culture supernatants in a similar manner.
Statistical analysis
Statistical analyses were performed by using the SPSS software package (version 18.0; SPSS Inc., Chicago, IL). Comparisons of the groups in terms of biomarker levels were performed by using the Mann-Whitney U-test. The results are expressed in the text as median AE standard error. Kaplan-Meier survival analysis was used to compare the incidence of rejection-free grafts with the incidence of graft dysfunction after two months, by measuring donor specific T cells ratios to a third party control. A P value of <0.05 was considered to be statistically significant.
Results
Transplant patients demographics
Patients in the SP group (n ¼ 8) had a high percentage of living-related donors (6/8), HLA mismatching (mean mismatches, 3.4), and CsA-based immunosuppression (7/8), and were predominantly male (6/8). These patients had relatively uneventful post-transplantation courses, with only one patient having a documented episode of acute rejection, which occurred one month after transplantation ( Table 1 ). The patients in the PP group (n ¼ 6) had a high percentage of parent or offspring donors (4/6), HLA mismatching (mean mismatches, 3.7), and FK506-based immunosuppression (4/6), and were predominantly female (4/6). All PP patients had experienced at least one steroid-pulse treatment as a rejection therapy. One underwent plasma pheresis, and three underwent Rituximab treatment. All patients had biopsy-proven TA/IF, maintained high blood creatinine levels (>3 mg/dL) for at least one year, and exhibited a ÁCr greater than 2.0 ( Table 1 ).
In the prospective study, the patients in the strong proliferation group (n ¼ 11) had a higher percentage of living-related donors (8/11), and FK506-based immunosuppression (8/11) . This group did not have eventful posttransplantation elevation of serum creatinine level. The patients in low proliferation group (n ¼ 9) had a higher percentage of male donor (7/9) and FK506-based immunosuppression (7/9). Both groups exhibited similar number of HLA mismatches (mean mismatches, 3.4) and similar percentage of PRA to HLA class I and HLA class II. Four patients received Rituximab treatment due to ABO mismatch regardless of the experimental group. Three patients in the strong proliferation group had an episode of acute rejection on days 20, 35, and 40 after transplantation whereas no patient experienced such an episode in the low proliferation group within 60 days ( Table 2 ).
DSA to class I HLAs was readily detected in the serum of PP patients
The sera from four PP and seven SP patients were screened for donor HLA-specific antibodies by Luminex singleantigen bead assays, which allow detection of antibodies specific for HLA-A, -B, and -DR. 20 HLA class I-specific antibodies were found in three of the four PP patients, but in none of the SP patients. This difference was statistically significant. However, the two groups did not differ significantly with respect to the presence of HLA class II-specific antibodies: 3/7 of SP and 2/4 of PP patients had antibodies (Table 1) .
IP-10 and MCP-1 levels were higher in PP patients, whereas sCD40L levels were higher in SP patients Following transplantation, peripheral blood is an easily accessible sample for biomarker assays. Several cytokine, chemokine, and growth factors in the serum that are known to associate with graft rejection or graft failure were analyzed by the Luminex bead assay. 4, [21] [22] [23] [24] [25] The SP patients tended to have higher sCD40L levels, while the PP patients had higher IP-10 and MCP-1 levels (P < 0.05) (Figure 1a -c). At this time, sCD40L and IP-10 level from healthy control (HC) and SP exhibited similar levels. And serum IP-10 level was significantly increased in PP compared with HC and SP whereas sCD40L level was decreased (Figure 1a, b) .The two groups did not differ with regard to other factors, including IL-1b, IL-2, IL-4, IL-5, Il-6, IL-10, IL-12(p70), IL-17 A, IL-23, MMP-12, M-CSF, and TGF-b (data not shown).
The SP and PP groups did not differ in T cell proliferation or cytokine production after indirect or direct MLRs
To mimic the in vivo mechanism of indirect allostimulation, indirect MLR assays were performed. In the indirect MLR, recipient T cells were stimulated by recipient DCs that present donor peptides. For direct MLR assays, irradiated donor PBMCs served as stimulators. Recipient T cells were the responder cells in both MLR assays. As a control, PBMCs/DCs from an unrelated healthy volunteer (designated as the third party) were the stimulators. In the indirect MLR, the SP group tended to have slightly higher T cell proliferation than the PP group and the third party, but there was no statistical difference between SP and PP groups (2401 AE 795 cpm vs. 1811 AE 424 cpm, respectively) (Figure 2a ). Also, the direct MLR demonstrated no difference between the SP and PP groups (851 AE 228 cpm vs. 580 AE 148 cpm, respectively) ( Figure 2b) . Accordingly, in direct and indirect MLR assays, the two groups could not be distinguished on the basis of T cell proliferation.
To characterize the alloreactive T cells further and to obtain a proper overview of actual allo-immune activity, the same T cells used in the MLRs described above were harvested after 24 h of culture and the cytokine production patterns in their supernatants were assessed. In the indirect MLR cultures, the PP group tended to have higher IL-1b, IL-6, TNF-, and IFN-production than the SP group, although these differences did not achieve statistical significance (Figure 2c-f ). By contrast, in the direct MLR cultures, the SP group tended to have higher IL-2, IFN-, and TNFproduction than the PP group. The two groups did not differ in other cytokines, including IL-1b, IL-4, IL-5, IL-10, IL-12(p70), IL-17 A, IL-23, and TGF-b, regardless of the allostimulation conditions (data not shown). Overall, direct MLR was associated with a lower cytokine level than indirect MLR.
PP patients showed increased CD4 þ CD43 high CD45RO þ T cell and regulatory T cell frequencies after indirect allostimulation
Before antigen stimulation, the HC, SP, and PP groups had similar proportions of CD4 þ CD43 high CD45RO þ T cells (7.16 AE 2.78%, 9.0 AE 5.8% vs. 7.5 AE 6.2%, respectively). After allogeneic stimulation for 24 h under indirect MLR conditions, the PP group showed a significantly increased (by 2.7fold) frequency of CD4 þ CD43 high CD45RO þ T cells relative to the unstimulated cell frequency (P < 0.05) (Figure 3a, b) . By contrast, this subset did not change in the SP group. Neither group showed changes of CD8 þ CD43 high CD45RO þ T cell subsets frequencies after allostimulation (data not shown). The CD4 þ CD43 high CD45RO þ T cell subsets did not change significantly in either group after direct MLR assay; the values before and after stimulation were 9.0 AE 5.8% and 7.8 AE 5.9% for SP patients, and 7.5 AE 6.2% and 8.8 AE 6.5% for PP patients, respectively. In addition, SP, and PP groups had similar proportions of CD4 þ CD4 low CD45RO þ T cells (25.6 AE 7.4% vs. 19.9AE 10.6%, respectively). At this time, CD4 þ CD4 low CD45RO þ T cells in HC exhibited a lower proportion than experimental groups (6.66 AE 2.91%, data not shown). After indirect allogeneic stimulation, the PP group showed a decreased frequency of CD4 þ CD43 low CD45RO þ T cells relative to the unstimulated cell frequency. Since CD4 þ CD43 low CD45RO þ T cells did not change in the SP group after indirect allogeneic stimulation, the frequency of these cells was increased in the SP group compared with the PP group (P < 0.05) (data not shown).
Meanwhile, the HC and PP groups had similar proportions of the CD4 þ CD25 hi FoxP3 þ regulatory T cell (Treg) frequency whereas the SP group had lower than others (1.7 AE 0.6% and 1.8 AE 0.1%, 0.9 AE 0.8%, respectively) (data not shown). Treg cell frequencies in SP patients rose after indirect MLR (from 0.9 AE 0.8% to 1.4 AE 0.4%), whereas there was no change in PP patients (from 1.8 AE 0.1% to 1.9 AE 0.5%), although this difference did not achieve statistical significance. Direct MLR conditions yielded similar results (Figure 3c ).
The CD4 þ CD43 high CD45RO þ T cells had effector memory T cell phenotypes
Memory T cells consist of two distinct populations, namely, central memory (T CM ) and effector memory (T EM ) T cells. 26 We examined whether CD4 þ CD43 high CD45RO þ T cells were T EM cells. Indeed, flow cytometric analysis with antibodies specific for CCR7, CD62L, and CD95 revealed that they were CCR7 À , CD62L À , and CD95 þ , indicating that they had the T EM phenotype. By contrast, the CD4 þ CD43 low CD45RO þ T cells were CCR7 þ , CD62 þ , and CD95 þ , indicating that they had the T CM phenotype (Figure 4a ).
Closer analysis of the effect of indirect allostimulation of both the T EM and T CM populations in SP and PP groups
revealed that the two groups had similar T EM and T CM cell frequencies before allostimulation. When the frequency of allostimulated cells were calculated in ratio to the frequency of unstimulated cells, after indirect allostimulation, the increasing ratio of T EM cell rose more significantly compared with that of the T CM in the PP group (P < 0.05), whereas in the SP group, increasing ratio of T EM cell tended to increase compared with that of the T CM. When this parameter was compared between the SP and PP groups, the increasing ratio of T EM tended to increase in the PP group whereas the increasing ratio of T CM did not rise in the SP group (Figure 4c ).
One SP patient who manifested elevated creatinine levels displayed an immunological profile similar to that of PP patients
During the experimental period, one patient exhibited an increase in serum creatinine from 1.4 mg/dL to 1.6 mg/dL and showed evidence of chronic changes in a kidney biopsy performed about nine months after the initial blood samplings at 10 years and 6 months after transplantation. This patient was the recipient of a kidney transplant from her husband and was under FK506-based immunosuppression. No acute rejection episodes, CNI toxicity, or donor-specific HLA class I or II antibodies were reported. The serum cytokine/chemokine levels showed the same trend as those in the SP group; IP-10 and MCP-1 levels were lower, whereas sCD40L levels were higher than those in PP patients (data not shown). However, the frequencies of effector memory CD4 þ T cells increased after indirect allostimulation (data not shown). Furthermore, in indirect MLR supernatants, IL-2 and TNF-a level were higher than those in SP patients, although IL-6 levels were not (data not shown). Thus, this patient displayed an immunological profile similar to that of PP patients with indirect allostimulation, but lost this profile after direct allostimulation (data not shown).
The preexistence of donor-specific effector memory T cells was associated with a poorer graft outcome
To confirm the effect of preexisting donor-specific memory T cells on graft outcome, we performed the indirect MLR Figure 4 Phenotypic analysis of the CD4 þ CD43 high CD45RO þ T cells. The CD4þ lymphocytes of each patient were gated for CD43 high CD45RO þ (a) and CD43 low CD45RO þ (b), and analyzed by multicolor flow cytometry with anti-CCR7, anti-CD62L, and anti-Fas monoclonal antibodies. The results of a representative analysis in one PP patient are shown. (c) After indirect allostimulation, the increasing ratio of post to pre allostimulation of T EM and T CM cells in the SP and PP groups were analyzed (%). PP patients had significantly higher T EM cell, whereas SP patients tended to have higher T CM cell frequencies than PP patients. White box, T CM cells; gray box, T EM cells. The box plots show medians and interquartile ranges. Two-sided P values for Mann-Whitney U-tests comparing SP and PP groups are shown (*P < 0.05) using T cells from pre-transplant recipient blood and donor or third party antigen-pulsed autologous DCs. After indirect MLR, recipients were divided into two groups following CD4 þ CD43 hi CD45RO þ T cell proliferation efficacy, donor versus third party ratio >1.0 and <1.0. In the former group (>1.0), three of nine patients experienced rejection episodes less than two months after transplantation, whereas all of the patients of the latter group (<1.0) did not experience rejection ( Figure 5 ).
Discussion
Many investigators have attempted to identify markers for the immune reaction that would help to diagnose acute rejection and predict CAN or long-term graft acceptance, and distinguish these events from other disorders. 5, [27] [28] [29] [30] [31] This approach was also employed in the present study of patients undergoing immunosuppressant treatment with CNI to identify biomarkers that can distinguish patients with well-functioning renal transplants from those with poor renal function.
Humoral immune reactions against allografts generate antibodies specific for donor antigens that are responsible for graft rejection. 32, 33 Lee et al. also reported that the development of antibodies within one year after transplantation is associated with graft failure within a mean of 5.1 years. By contrast, antibody development after one year is associated with a lower failure rate, with 80% of these patients surviving for 10 years. 15 De-novo DSAs are mainly class II and that DSAs against class II HLA are associated with a worse prognosis than are DSAs to class I HLA. 34, 35 In the present study, most of the PP patients had HLA class I-specific antibodies, whereas none of the SP patients had these antibodies. The two groups did not differ in terms of HLA class II-specific antibodies. Contrary to the majority of the literature, our results showed an association between graft loss due to CAN and the presence of anti-HLA class I antibodies, but not due to the presence of anti-HLA class II antibodies. Because the timing of their appearance and significant risk factors differ among reports and the class I DSA also should not be disregarded in the graft rejection, this result requires additional further study. 36 Direct allorecognition occurs between the recipient T cell receptor (TCR) and intact MHC molecules expressed on the surface of donor APCs whereas indirect allorecognition occurs between the recipient TCR and peptides of allo-MHC molecules processed by autologous APCs. Vigorous proliferation of recipient T cells in vitro can be observed in the presence of irradiated donor APC (direct) or recipient APC (indirect) in the form of the direct and indirect MLR, respectively. 10 When the donor APCs are lost from the graft, the direct alloresponse is stimulated in the early weeks after transplantation. In contrast, indirect pathway T cells are continuously stimulated by recipient APCs and the graft has no means of turning indirect-pathway T cell off. 16 We have investigated the direct and indirect MLR concurrently in a cohort of longstanding renal transplants. Contrary to our expectations, the SP and PP groups could not be distinguished on the basis of T cell proliferation assays after direct or indirect allostimulation. As a result, interest has focused on the changes of activated T cell subsets. In flow cytometry analysis of the activated T cells, the SP group had lower Treg frequencies than the PP group, regardless of the antigenic stimulation method used. However, after indirect allogeneic stimulation, the CD4 þ CD43 high CD45RO þ T cell frequency of the PP group was significantly increased by 2.7-fold compared with the frequency of unstimulated cells, whereas this change did not occur after stimulation in the SP group.
Since CAN is thought to be mediated mainly by recipient T cells with indirect allospecificity, studies focus on establishing key factors for measuring indirect allorecognition in vitro. Autologous DCs pulsed with cellular fragments, dominant epitope on common HLA molecules or synthetic peptides, trigger T cells with indirect allospecificity. Many different approaches are reported, however, most of them lack essential controls and have notoriously poor reproducibility. 13 Contrarily, several studies have reported that the indirect pathway Elispot positively correlated with graft outcome. 3, 17 Alloantigen-specific CD154 þ T-cytotoxic memory cells (TcM) in 16 h live-cell MLR are highly sensitive and specific for biopsy proven rejection after renal transplantation. 37 Thus, immune monitoring of alloreactive effector/memory T cells primed by indirect alloantigen pathway with a sensitive in vitro assay may be helpful for predicting chronic rejection.
In the present study, to delineate the memory T cell population, allogeneic coculture was performed for 24 h, which eliminates non-memory T cells. The donor antigens were fragments derived from donor PBMCs. These antigens can be taken up and processed by recipient DCs. The use of donor cell fragments mimics the in vivo conditions in transplantation more faithfully than assays where DCs are pulsed with specific donor HLA peptides. 12, 13 In the T cell response, memory T cells are more resistant to immunosuppressants than naïve T cells and may prevent toleranceinduction by eliciting early-onset graft rejection. These cells can be divided into two general subsets based on their homing properties and effector function. T CM cells Figure 5 Pre-transplant donor-specific effector memory T cells are associated with poor kidney graft survival. Graft survival rates of patients with strong proliferation of donor-specific effector memory T cells (donor/3 rd party >1.0) were lower than patients with low proliferation of these cells (donor/3 rd party <1.0). Kaplan-Meier survival analysis was used to compare the rate of rejection-free grafts and that of poor graft survival, by calculating the donor-specific T cells ratios of their third party controls. A P value of <0.05 was considered to be statistically significant express CCR7 and L-selectin (CD62L) and home to the lymph nodes. When they encounter antigen, they have a limited capacity to perform effector functions. By contrast, T EM cells do not express CCR7, are less proliferative, and achieve their effector function by secreting IFN-g. When these cells encounter their antigen, they preferentially enter inflamed tissue and immediately perform effector functions. 38, 39 Memory T cells can also be defined in other ways apart from T CM and T EM . These cells fall into three functionally distinct subsets based on their level of CD43 expression, which is a type I transmembrane protein that is heavily expressed on all hematopoietic cells except IgM þ B cells and erythrocytes. 40, 41 The CD43 high subset appears to consist of fully mature T EM cells that can respond to conventional recall antigens in response to TCR stimulation. The other two subsets, CD43 int and CD43 low , exhibit marginal memory function and have an anergic phenotype. 41, 42 Thus, CD4 þ CD43 high CD45RO þ T cells were regarded as T EM cells. To confirm that the CD4 þ CD43 high CD45RO þ T cells belong to T EM cells, their phenotype was analyzed with antibodies specific for CD62L, CD95 (Fas), and CCR7. The CD4 þ CD43 high CD45RO þ T cells had a T EM phenotype (CCR7 À , CD62 À , and CD95 þ ), while the CD4 þ CD43 low CD45RO þ T cells had a T CM phenotype (CCR7 þ , CD62 þ , and CD95 þ ) (Figure 4) .
Both groups were maintained on standard CNI immunosuppression consisting of CsA or FK506 administration. The SP group was more likely to have CsA-based immunosuppression (7/8 patients), while the PP group was more likely to have FK-based immunosuppression (4/6 patients). We speculate that the lower T EM cell frequency in the SP group is related to CsA-based immunosuppression. FK506 and CsA, although structurally unrelated, appear to target similar signal transduction pathways in lymphoid cells by inhibiting the action of calcineurin, a serine/threonine phosphatase. Both drugs inhibit the differentiation of naïve T cells into cytokine-producing memory T cells. 43 However, Koenen et al. reported that CsA and rapamycin co-treatment results in elevated memory T cell responses, whereas FK506 and rapamycin co-treatment reduces and delays memory responses. 44 This factor does not seem to be the cause of the reduced T EM cell frequency in the SP group.
During the course of this study, we excluded two SP patients from the initial group because their blood creatinine levels became elevated. About nine months after the initial blood sampling, creatinine levels increased from 1.4 mg/dL to 1.6 mg/dL in one patient and a biopsy revealed chronic changes in the kidney. In another patient, the serum creatinine level increased from 1.5 mg/dL to 1.8 mg/dL one month after the initial sampling, and mild chronic changes and severe CNI toxicity were observed in a kidney biopsy. The immunological properties of this patient, including T cell number in PBMCs and T cell proliferation after indirect MLR, were not different from those in the SP group as a whole (data not shown). Interestingly, the frequency of effector memory CD4 þ T cells was increased after indirect allostimulation, resulting in a situation similar to that observed in PP patients (data not shown). However, the patient did not have any donor-specific HLA class I or II antibodies. The serum cytokine levels also showed the same trend as those in the SP group, namely, high expression of sCD40L and low expression of IP-10 and MCP-1. This result suggests that effector memory CD4 þ T cells may provide a more sensitive indicator of the patient's condition than DSA.
Further studies were performed to extend these findings and address the key events involved in the progression of rejection via effector memory CD4 þ T cells. To analyze the effect of preexisting donor-specific memory T cells on graft outcome, we performed indirect MLR using T cells in pretransplant recipient blood with donor or third party antigen-pulsed autologous DCs. Three of nine patients with a strong proliferation of T EM cells experienced rejection episodes less than two months after transplantation, whereas all the patients with low proliferation of T EM cells did not experience rejection ( Figure 5 ). From this result, we suggest that the preexistence of donor-specific T EM cells is associated with progression to acute rejection.
This single center study aimed to identify a specific immunological monitoring marker for antigen-specific assays that distinguish a long-term well-functioning graft from CAN and predict rejection episodes after a renal allograft. CAN was associated with elevated numbers of donor-specific CD4 þ CD43 high CD45RO þ T cells that had the T EM phenotype (CCR7 À , CD62 À , and CD95 þ ). Thus, it is possible that an increase in CD4 þ T EM cell frequency after indirect allostimulation is associated with the development of CAN. Moreover, in the prospective study, preexisting donor specific CD4 þ T EM cells in the pre-transplant patients was associated with progression to acute rejection. Because acute rejection contributes to the development of CAN and CD4 þ T EM cells were closely associated with CAN in our retrospective data, we suggested that indirectly allostimulated CD4 þ T EM cells may not only contribute to CAN development but also to the progression of acute rejection. Although the study was limited by the small size of the study group, monitoring this cell population could provide an immune-monitoring marker in noninvasive in vitro assays designed to predict graft outcome.
